X-ray diffraction analysis of (R,S)-and S-atenolol crystalline forms was performed. The crystals studied were grown from evaporation of an ethanol/water solution. (R,S)-Atenolol crystallizes in the centrosymmetric space group C2/c, and S-atenolol crystallizes in a noncentrosymmetric space group C2. There is one symmetry independent molecule in (R,S)-atenolol crystals and two symmetry independent molecules in S-atenolol. However, due to disorder, two different molecular conformations were identified in the (R,S)-atenolol, and three different conformations were isolated in S-atenolol. Flexibility of molecular segments of the carbon chain is seen in conformational isomorphism and in the atomic position uncertainty. The molecular conformations given by X-ray diffraction were fully relaxed at the HF/6-31G* level of theory. The optimized structure was used as reference in comparison with molecular conformation in the solid state.
Introduction
Since bioavailability and properties related to formulation depend on the crystalline structure, its knowledge is essential in pharmaceutical technology. [1] [2] [3] Single-crystal X-ray diffraction is the most useful technique available for obtaining comprehensive information on the molecular and crystal structures. The problem that has to be overcome is the preparation of single crystals suitable for study by this technique.
A factor often associated with the difficulties in the crystallization of organic compounds is the conformational diversity in solution. Molecules of large size exhibit numerous conformational possibilities giving rise to minuscule crystal size or amorphous solid materials. 4, 5 Single-crystal growth is often a true challenge combining science and art and even a little luck, hence the lack of data about the structure of many organic compounds.
This work concerns the study of the structure of atenolol, 4-[2′-hydroxy-3′-[(1-methylethyl)amino]propoxy]-benzeneacetamide, a compound widely prescribed in medicine as a cardioselective 1 -adrenergic blocker. As a best-selling drug, 6, 7 atenolol has become the focus of active research. Nevertheless, its crystal structure has not yet been reported, which is a serious obstacle to understanding its properties from both the theoretical and the practical point of view.
The atenolol molecule has a chiral center giving rise to R and S enantiomers, which have different biological activities. 8 This paper deals with the structure of the racemic and homochiral forms, studied by X-ray diffraction and molecular modeling.
Experimental Procedures
(R,S)-Atenolol purchased from Mikromol Gmbh was the original substance used in this research. The product came with a quality control certificate with a specification of 99.76 mol percent pure. The degree of purity was based on NMR, HPLC, and acid-base titration tests. S-(-)-Atenolol was supplied by Sigma-Aldrich as 99% pure. HPLC did not reveal any impurity. The value found for [R] D 25 was -16.2°(C ) 1 in 1 N HCl).
Single crystals of both compounds were obtained by slow evaporation of the solvent from solutions of (R,S)-atenolol or S-atenolol in ethanol/water. A 0.1 M solution of atenolol in 20:80 volume percent & DESIGN   2007  VOL. 7, NO. 3 496-500 ethanol/water was evaporated at 25°C from a narrow neck conical flask. The crystalline solid was dried at 40°C and kept in a desiccator. When the sample was examined by polarized light microscopy, optically anisotropic laminate crystals were observed ( Figure 1 ). Identical crystalline habit is observed for both racemic and enantiomeric forms. Diffraction measurements of (R,S)-atenolol were carried out by Cu KR radiation using a Mach-3 diffractometer equipped with a conventional detector. Data reduction was performed with HELENA. 9 For S-atenolol, a similar diffractometer was used, equipped with an area detector. Data reduction was performed with Bruker SAINT. 10 Lorenz and polarization corrections were applied to both data sets. The structures were solved with direct methods using the SHELXS-97 program 11 and refined on F 2 's by full-matrix least-squares with the SHELXL-97 program. 11 Anisotropic displacement parameters for nonhydrogen atoms were applied with the exception of terminal C(13) and C(14) for (R,S) and of those atoms in the disordered part of one of the molecules for S-atenolol. Hydrogen atoms were placed at calculated positions and refined with isotropic parameters as riding mobile atoms, except for those of the disordered methyl groups, which were not included in the refinement.
CRYSTAL GROWTH
For (R,S)-atenolol the bond distances, C(12)-C(13), C(12)-C(14), C(10)-C (11) , and N(2)-C(11) were constrained to be 1.5, 1.5, 1.5, and 1.3 Å, respectively, during the refinement.
Space groups were assigned using PLATON, and the systematic absences were carefully checked, namely, the h01 reflections, confirming the assignment of C2 to the structure of S-atenolol.
The structure of the (R,S)-and S-atenolol, retaining the solid-state conformations shown by X-ray, was fully optimized at HF/6-31G* level of theory using the Gaussian 98 convergence criteria. 12
Results and Discussion
X-ray Diffraction. The crystal data and details concerning data collection and structure refinement are given in Table 1 . The ORTEPII 13 drawings of (R,S) and S-atenolol are shown in Figure 2 .
(R,S)-Atenolol crystallizes in the centrosymmetric space group C2/c. The molecular backbone consists of a head formed by the acetamide group, a central part composed by the atoms from C(2) to C(9), and a tail from the chiral C(10) to C (14) . The atoms of the first two parts are in a well-defined arrangement, whereas some disorder is observed in the last one. The molecular tail can adopt two structures, differing from one another in C(11) position. In one of these conformations, (R,S) a , this carbon atom is in the C(11a) position, and in the other, (R,S) b , it is in the C(11b) position. The relative occurrence of these structures is 57% of (R,S) a to 43% of (R,S) b . Despite the C(11) positional difference, a unique structure is shown by the isopropylamino group. Each enantiomer statistically occupies an R and S configuration.
Neglecting a small deviation of the C(9), all non-hydrogen atoms of the central molecular segment are in the plane defined by the aromatic ring. C(1), O(1), and N(1) of the amide group are in another plane, making an angle of 86.1°with the former. The angles of the bonds centered at N(1) are close to 120°, and the sum of the angles with C(1) as common vertex is also 360°, although small differences are observed among them.
The molecules are aligned along the a axis. They are oriented head to head, and the heads are linked by hydrogen bonds along both the a-and c-axis, forming a ladder as seen in Figure 3 . Each hydrogen atom of the acetamide group is shared with an oxygen atom of a symmetry-related acetamide group, delineating rings of eight atoms, with graph-designator R2,2 (8) , thus linking the molecules along the short axis and delineating a ladder structure, typical of many primary amides with the alternating R2,2(8) and R4,2(8) hydrogen-bonding patterns. The values of atomic distances, bond angles, and torsion angles in the structure of (R,S)-atenolol are presented in Table 2 , and the characteristic parameters of the classical hydrogen bonds are given in Table 3 .
. H(3) is
The π electron cloud of the aromatic phenyl ring also acts as an acceptor in this structure, joining the molecules along the c-axis. The donor C(9)-ring centroid distance is 3.778(4) Å with a bond angle of 147.5°and the deviation of the shared hydrogen 9.4°from the ring plane perpendicular. These values are within the geometrical requirements for an effective bond. [14] [15] [16] Such an interaction can be considered as a weak hydrogen bond, provided the donor is an acidic group. 15 The Mulliken charge distribution suggest a slightly higher acidic character of C(9)-H than that manifested by the other C-H groups, an argument in favor of the contribution of this interaction in (R,S)-atenolol structure stabilization. [17] [18] [19] A further participation of π electrons of the phenyl group may occur by π‚‚‚π interactions. According to Sanders et al., 20 these are really an interaction between the π electrons of one group with σ electrons of the other aromatic ring. The average centroid distance between neighbors is 5.55 Å, and the vector from the centroid of one of the molecules to the centroid of the other makes an angle of 29.7°with the normal to the plane of the former.
S-Atenolol crystallizes in a noncentrossymetric space group C2 with two symmetry-independent molecules. One of these is fully ordered, and the other shows two alternative positions from the chiral center, C(10), onward ( Figure 2 ). Three molecular conformations are observed in the S-atenolol: S a that corresponds to the fully ordered structure, and S b and S c , which correspond to the molecules linked to the former. The ratio of S b to S c is 1:0.6. Bearing in mind the structural identity of S b and S c from the molecular head to C(10), distinct atom numbering was used only in the molecular tails.
The head and central parts of the S molecules are similar to those of (R,S) a or (R,S) b . The differences between the conformations exhibited by the crystals of the racemic and enantiomeric forms lie in the molecular tail structure. These features can be seen in Figure 4 , in which the three molecular conformations of the S-atenolol crystal are depicted.
The molecules are assembled in the same way in either S-or (R,S)-atenolol. The same eight-membered ring elements are seen between the molecular heads. In S-atenolol hydrogen bonds between the acetamide groups now join symmetry-independent molecules. The molecules are again linked along the b-axis but this time with the N(2) and O(3) reversing the acceptor-donor roles (Figure 3 ). The geometrical data related to the conformations of S-atenolol are given in Table 2 , and the values used in the assignment of hydrogen bonds are presented in Table 3 .
Besides the hydrogen bonds listed in Table 3 , as in (R,S)atenolol, C(9)-H‚‚‚π and π‚‚‚π bonds also contribute to intermolecular interactions in S-atenolol. In fact, the carbonring centroid distance is 3.765(4) Å in S a , and 3.568(4) Å in S b or S c . The values of the bond angle are 151.1°in S a , and 144.9°i n S b or S c . The deviations of the shared hydrogen to the ring plane normal are 8.9°in S a , and 7.7°in S b or S c . Ring centroid distances between interacting π‚‚‚π molecules are 5.578(3) Å with a deviation of centroid-centroid line from ring plane normal of about 29.8°.
A general feature shown by racemic and enantiomeric single crystals is the similarity of the structure of both forms with very similar cell constants. Three types of racemic modifications are usually considered to describe the systems formed by opposite enantiomeric forms: 21 racemic compound (single solid phase of both enantiomers), racemic mixture or conglomerate (crystal mixture of pure enantiomers), and pseudoracemate (solid solution of the enantiomers). About 90% of the organic chiral compounds give rise to racemic compounds and 5-10% to racemic mixtures. The occurrence of pseudoracemate is relatively rare. 22 This structure was described for DL-carvone, 23 camphor and some derivatives, 24 and tazofelone. 25 Differential scanning calorimetry, powder X-ray diffraction, 13 C NMR studies 26 and differential scanning calorimetry, and powder X-ray diffraction FTIR and Raman 27 led to the conclusion that (R,S)-atenolol is a solid solution of the enantiomeric forms. These conclusions are in agreement with those drawn from the present study.
A second point that deserves mention is the diversity of molecular conformations taken by the C(10) to C(14) molecular fragment. Besides a distinct structure shown by the conformers, further uncertainties in the atomic position are also observed in particular in (R,S)-atenolol. A rather similar structural pattern was recently described for tazofelone. 25 (R,S)-Atenolol and S-atenolol are examples of conformational isomorphism, that is, single crystal with different conformers. 3, 28, 29 Optimization of the Structure of the Atenolol Molecule. The structure of the atenolol molecules retaining the conformation of the solid state were freed to relax at the HF/6-31G* level of theory. The resulting structure corresponds to the molecule free from intermolecular interactions in a minimum potential energy surface close to the solid-state energy conformation. The values of the geometrical parameters of the equilibrium conformations obtained are given in Table 2 . This table allows the comparison of the atomic distances and bond angles of the conformations shown by X-ray, before and after being optimized.
A significant difference between the molecular conformation in the solid and in the free state is exhibited by the amide group. As the molecules are freed from the intermolecular forces, a 118°-122°rotation around the C(1)-C(2) bond takes place, and the amide group acquires a configuration that enables the interaction of one of the N(1)-H with the phenyl group. The average atomic distances of N(1) and H(1B) from the phenyl centroid are 3.80(0) Å and 3.10(1) Å for the five molecular types considered, and the N(1)-H(1B)-phenyl centroid angle is 128.9(1)°, values well within the criteria assigned to the existence of a hydrogen bond between N-H as the donor group and the π electrons of the phenyl ring as acceptor. 14, 16, 30 This type of interaction is quite commonly invoked accounting to the 3D structure stabilization of protein and other polymeric organic molecules. 14, 15 The conformation adopted by the atenolol molecules in the free state is illustrated in Figure 5 .
The hydrogen bond involving the amide group enhances the sp 2 hybridization of C(1) and N(1). Indeed, as in the solid state, the sum of the angles centered at these two atoms in the optimized structure is 360°, but the deviation of each angle from 120°and of one from another is higher in the latter than in the former. Furthermore, the presence of the hydrogen bonds shortens the C(1)-N(1) bond and simultaneously lengthens C(1)-O(1). These effects are also observed in small molecules such as acetamide. 31, 32 Knowledge of the energy barrier between the optimized structures S b and S c is important to answer the question about the possibility of transforming one into the other. The calculation was performed at the same level of theory as that used in the structure optimization, and the transition state structure was obtained by the qst3 method, which gives rise to an imaginary vibration frequency. The transition states of the two structures differ in the C(9)-C(10)-C(11)-N(2) dihedral, whose value is 112.4°. The barrier level corresponding to the transformation of S b into S c is 11.4 kJ/mol, and 37.4 kJ/mol is the energy required for the inverse process. In conclusion, S b and S c both can be considered stable structural conformations of S-atenolol.
Conclusion
This work provides, for the first time, data on the crystal structure of atenolol. X-ray diffraction of single crystals combined with computational calculations of the molecule, retaining the conformation in the solid state, allow a detailed description of the spatial arrangement of the atoms in the molecules and of these in the crystal lattice.
The hydrogen-bonding network set up by the amide and phenyl group originates quite an ordered molecular structure 
Conformational Isomorphism of Organic Crystals
Crystal Growth & Design, Vol. 7, No. 3, 2007 499 from C(1) to C(9), common to the crystalline form in either the racemic or the homochiral form. The rest of the molecule adopts several conformations: some have close energy values, indiscriminated by X-rays, and others are distinct structures. Both the racemic atenolol and the S-atenolol crystals display distinct molecular conformations from C(9) to the molecule terminal isopropyl. All the structures to some extent exhibit a certain disordered state. The conformational isomorphism in molecules like these we are dealing with occurs when molecular segments are flexible enough and packing allows a different structure. It should thus be expected to be quite a common phenomenon in solid organic chemistry in molecules with a medium or large backbone.
